Twenty-five sugars have been compared as inhibitors of L-sorbose or D-xylose transport by the constitutive, monosaccharide transport system in bakers' yeast. D-Glucose showed the highest activity (i.e., apparent Ki = 5 mm). Since all sugars except 2-deoxyglucose showed a decrease in activity relative to glucose (i.e., apparent Ki = 25 ->2,000 mM), an attempt was made to relate the activity of each sugar with the way its structure differs from that of D-glucose. Assuming that the inhibition was the result of sugar-carrier complex formation, the analysis showed that the transport system has a rather broad specificity for pyranoses. Single changes at each of the five carbons of D-glucose (except for the 2-deoxy derivative) result in variable decreases in activity depending upon the carbon number and the alteration. The largest decrease in activity effected by a single change is the methylation or glucosylation of the anomeric hydroxyl. The combination of two or more changes leads to a decrease which is greater than the decrease in activity resulting from the individual changes occurring alone.
Previous studies on the mechanism of monosaccharide transport into yeast cells have shown that the process involves the formation of a sugar complex with a component of the cell membrane, i.e., a sugar carrier (1, 3, 4, 5, 12, 13) . One of the most important characteristics of the process is its marked substrate specificity and the competitive inhibition exhibited between transported sugars (13, 25) . The present paper attempts a correlation between the structure of sugars and their carrier complexing activity. Because of the experimental difficulty of individually measuring the Km and Vmax,, of many sugars of interest, sugars were tested as competitors of the uptake of L-sorbose and D-xylose, which are nonmetabolized substrates of the constitutive glucose transport system in bakers' yeast. Inhibition is interpreted to represent sugar-carrier complexing activity (3, 25) .
MATERIALS AND METHODS
Preparation of yeast cells. Stock cultures of Saccharomyces cerevisiae (AB 14) were maintained on Sabouraud's dextrose agar (Difco). The cells used in transport studies were grown overnight in 250 ml of liquid medium in 500-ml flasks on a rotary water-bath shaker at 30 C. The liquid medium contains 1% tryptone (Difco), 0.3% yeast extract (Difco), 0.4% KH2PO4, and 2% D-glucose. The sugar and the sugarfree portion of the medium were autoclaved separately as 2X concentrated solutions and were mixed aseptically before use. The 2X sugar-free medium was adjusted to pH 7.0 before autoclaving. The liquid medium was inoculated with the growth from a 24-hr Sabouraud's slant.
Sugar transport procedure. The cells were harvested and washed by centrifugation in demineralized water. The volume of the centrifuged yeast was determined and a 50% (v/v) suspension was prepared in demineralized water. In most experiments, 0.75-ml portions of this 50% suspension were added to tubes containing 0.75 ml of a sugar solution at two times the desired final concentration. The incubations were carried out at 30 C, and the cells were maintained in uniform suspension by a magnetic stirrer. The cell suspensions and the sugar solutions were temperature equilibrated before mixing. At the desired intervals (usually six 30-sec intervals), 0.2-ml samples were removed from the incubation mixture and were transferred to chilled centrifuge tubes containing 5 ml of ice cold demineralized water. The cells were centrifuged at 3,000 X g for 1 min, and the packed cells were washed with two 5-ml portions of ice cold demineralized water. After the second wash, the cells were suspended in 2 ml of demineralized water and incubated for 1 hr at 30 C, which is sufficient time for efflux of the previously accumulated sugar. The suspending medium was then analyzed for the appropriate sugars. (By comparing the counts released by both procedures from cells after incubation with 603 on July 10, 2017 by guest http://jb.asm.org/ Downloaded from '4C-labeled, nonmetabolizable sugars, the 1-hr 30 C "extraction" was found to be as effective as boiling. The 30 C procedure has the advantage of producing extracts with low blanks for chemical assays. This is especially important for pentose uptake experiments, since boiled yeast extracts give high pentose blanks.) The intracellular sugar concentrations were calculated on the basis that intracellular water accounts for 50% of the centrifuge-packed cell volume (4) .
Chemical determinations. The following sugar tests were used: the cysteine hydrochloride test for Lsorbose (7); the orcinol test for pentoses (24) ; the Dische-Shettles test for 6-deoxy hexoses (8) ; the Dische thiobarbituric acid test for 2-deoxy sugars (6); the colorimetric periodate oxidation test for 1, 5- anhydroglucitol; and the nonspecific Somogyi-Nelson test for reducing sugars (16, 21) .
Radiochemical assay. Portions of cell extracts (1 ml) were added to 15 ml of Bray's solution (2) and were counted in a Packard Tricarb liquid scintillation counter.
Sugar preparations. L-Mannose was synthesized from L-arabinose by the direct nitromethane method of Sowden (22) , and D-allose was synthesized by the cyanohydrin method from D-ribose (10) . Unlabeled and tritium-labeled 1, 5-anhydroglucitol were the gift of Robert K. Crane. All other sugars were obtained commercially. Purity of labeled sugars was confirmed by chromatography.
Calculation of apparent Ki values. Inhibition of L-sorbose or D-xylose uptake by the sugars employed in this study was usually measured at concentrations one-tenth, equal to, and 10 times the concentration of L-sorbose or D-xylose. L-Sorbose and D-xylose were used at 5% for the first two measurements and at 1% for the latter measurement. The calculation of the apparent Ki from these measurements assumed that the initial velocity of L-sorbose or D-xylose uptake in the absence and in the presence of a competing sugar obeys equations 1 and 2, respectively (25, 26) Fig. 1 ). The calculation of the initial velocity from a tangent to the time-course curve drawn through the origin gives too much weight to the earliest experimental points and omits the later ones. Various procedures can be used to include all of the experimental points in the calculation of the zero-time velocity. Stein (23) and Kotyk (12) have employed the differentiated form of Newton's formula for equispaced arguments with associated decreasing differences. de RobichonSzulmajster (19) used a graphic method for the determination of the initial velocity based on this principle. In the latter procedure, which was used for this study, the reciprocal of the average velocityfrom zerotime for each sample is plotted against the time at which each sample is taken. The zero-time intercept on the ordinate is the reciprocal of initial velocity. By this method, the apparent Km for L-sorbose was found to be 1,100 mm and for D-xylose, 150 mm Theoretical interpretation of relationships between sugar structure and activity. Any attempt to correlate structure and activity of sugars requires that the structure of sugars in aqueous solution is known. Potentially, any sugar may occur in solution either as an open chain or as a variety of furanose and pyranose ring structures. The complexity that would be involved in analyzing structure activity relations in sugar transport, if all of the potentially possible structures had to be considered, would be overwhelming. Fortunately, the situation for the present study is greatly simplified by the fact that D-glucose, which is the sugar with greatest activity, is known to occur in solution almost exclusively in only one of its many potential structures, namely as a Cl glucopyranose (11, 15, 17, 18, 19) . A correlation between structure and activity for other sugars involves, therefore, a comparison of their most probable structure in solution with the structure Cl glucopyranose. For this analysis, certain conventions will be used, which permit a comparison of the structure of other sugars with D-glucose (11, 17, 18) .
Each carbon of the pyranose chair (I, Fig. 1 ) has two extracyclic bonds: an equatorial bond projecting away from the center but in the plane of the ring, and an axial bond perpendicular to the plane of the ring. If the chair is oriented in space with the oxygen in the "'head" position and to the left, there are two possible chair forms, the Cl (I) and the IC (III). In the Cl form, the carbons proceed around the ring in clockwise order with carbon number 5 in the lower lefthand corner. In the IC chair, the carbons proceed around the ring in counterclockwise order with carbon number 1 in the lower left-hand corner. Reversal of the "head to foot" relationship of the Cl chair (I) produces the 1C chair (II). The results of this conformational change are better appreciated if SUGAR STRUCTURE AND ACIIVITY Cl chair conformation will be the preferred structure for D-glucose, but it will be unstable for L-glucose.
Conversion of L-glucose to the IC chair conformation (VI) places all its large substituents in the stable equatorial position.
To view the Cl D-glucose and IC L-glucose in the same orientation in space of the pyranose ring, the IC L-glucose (VI) structure is turned upside down through 1800, as shown in structure VII. the resultant 1C chair is reoriented in space with the oxygen in the "head" position and to the left (III). There are two consequences of the conformational change from the Cl to the IC chair: (i) there is a reversal of the axial and equatorial substituents on each carbon of the ring, and (ii) there is an apparent reversal of the positions in the ring of carbon 1 with carbon 5 and carbon 2 with carbon 4.
The procedure used to interpret structure activity relations for the specific sugars used in this study can be illustrated by comparing D-and L-glucose (Fig. 2 ). D-Glucose shows maximal activity in sugar carrier interactions, whereas L-glucose is nearly inactive in this system. In the Cl chair, D-glucose has all of its ring substituents in the equatorial position. L-Glucose (V) has all of its substituents in the axial position. (The anomeric OH, on carbon number 1, may occur in either the equatorial or axial position by mutarotation. For simplicity, it is shown in only one position.) Since substituents larger than hydrogen have a generally unstabilizing effect in the axial position (17, 18) Fig. 3 . The external sugar concentration in all cases was 5%. Figure  3 shows that D-and L-glucose exhibited a low rate of net uptake from a 5 % external sugar solution. Since sugar uptake in bakers' yeast is a facilitated diffusion, a low net rate of sugar uptake at a given concentration may reflect either a low or a high apparent K,, for transport.
However, when each sugar was tested as a competitive inhibitor of L-sorbose uptake at an equal concentration, D-glucose completely inhibited L-sorbose uptake, whereas L-glucose had almost no effect. This differential behavior is expected when the sugars have an apparent Km for sugar transport which is very large or very small relative to the extracellular sugar concentration. The net rate of sugar uptake by facilitated diffusion is expressed by equation 4 (4, 26) On the other hand, L-glucose has a very low activity for sugar transport. Its Km is too low to be measured accurately, but it is greater than 2,000 mm. Its net rate of uptake would be described by equation 6 . L-Glucose would be expected to be a poor inhibitor of L-sorbose uptake; this was observed to be true (Fig. 1) . Table 1 shows the activity of sugars which differ from D-glucose by single changes. Except for 2 deoxy-D-glucose, each change has reduced inhibitory activity by comparison with D-glucose. The greatest decrease was observed when the anomeric OH was methylated. It was significant that, by contrast, the absence of the anomeric OH in 1,5-anhydroglucitol (1-deoxy-D-glucose) led to only a moderate decrease of activity. Alteration of the 3 OH group from an equatorial to an axial position, or its methylation, seemed to reduce activity more than any other single change, except for methylation of the anomeric OH. Table 2 shows that all the glycosides tested had very low activity. Table 3 shows the activity of sugars with a 4 axial OH; D-galactose, D-fucose, and L-arabinose represent a decreasing activity series correlated with the absence of the 6 OH group and the 6 hydroxymethyl group, respectively. Correlation of order of activity determined by inhibition of' D-xylose uptake with L-sorbose uptake. From the above data, one may arrange sugars in decreasing order of activity, which presumably reflects their capacity to combine with a stereospecific element in the transport system (i.e., the carrier). To determine whether the procedure used to establish this order is internally consistent, the effect of several sugars on D-xylose uptake was determined. In all cases, a complete correlation was observed. This is illustrated in Fig. 4 , in which the order of effectiveness of D-glucose and D-mannose are seen to be identical with the effects on L-sorbose uptake. Table 6 shows that this correlation of the apparent Ki determined from inhibition of D-xylose and L-sorbose uptake applies also to D-fructose and L-arabinose. The former is significant because it indicates that D-fructose does not inhibit L-sorbose only because they are both ketoses. The latter is significant because it confirms the importance of the alteration of the equatorial 4 OH, since D-xylose and L-arabinose differ only at this position. It has already been reported that the transport of 4 axial OH sugars is under the control of an inducible system in bakers' yeast (5). This study showed that each of the substituents on the pyranose ring, with the exception of the equatorial 2-OH, contributes to substrate activity for the monosaccharide transport system in bakers' yeast. The following preliminary conclusions can be stated about the specific structural contributions of each ring substituent: (i) The pyranose ring is the active structure for transport, since D-glucose, which shows the highest activity, is known from both chemical (17, 18) and physical methods (15, 20) to occur in solution almost exclusively in the pyranose chair conformation. The relatively high activity of 1, 5 anhydroglucitol, which is a permanent pyranose, is strong evidence for this conclusion.
(ii) The high activity of 1,5 anhydroglucitol also shows that, while the anomeric (1-OH) hydroxyl contributes to sugar activity, it is not essential. In all cases the combination of more than one change has an effect greater than the effect of each change alone. Thus, a combination of an axial 4-OH (D-galactose) and the absence of the 5-CH20H (D-xylose), each of which, when occurring alone, decreases activity by one order of magnitude, results in a decrease of activity of ca. two orders of magnitude (i.e., L-arabinose). However, the decrease in activity is not always as great as the product of the effect of each change alone. Three such series are included in the present study. All show the same decreasing order of activity: (13) , with a few exceptions attributable to strain differences among yeast. The pattern of selectivity in bakers' yeast is surprisingly similar to that described for human erythrocytes (14) . Interestingly, there are fewer similarities between the pattern of selectivity of the yeast transport system and yeast hexokinase (9) than there are between the yeast and erythrocyte transport systems. The most significant difference concerns the very high activity for both the yeast transport system and hexokinase of D-fructose, and its low activity in the erythrocyte system. The high activity of D-fructose is at present an enigma. It does not easily fit the pattern which has emerged from aldoses. The resolution of this problem must await an extensive study of the structure-activity relations of ketose sugars, since it has been reported (1) that D-fructose in solution occurs more than 30% in the furanose form. ACKNOWLEDGMENTS This study was supported by Public Health Service grant GM 12743 from the National Institute of General Medical Sciences and by National Science Foundation grant GB 4340.
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